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PD Waveguide Design (1]

- Acrylic bar spray-coated with wavelength shifting compound
* Inspired by design from MIT
e 6mmx1inx20in
- 1 mlongin FD, 4 per paddle
« Wavelength shifter (WLS) melted into surface
- Tetraphenyl butadiene (TPB) or
- 1,4-bis-(0o-methyl-styryl)-benzene (bis-MSB)
« Comparing 10, 20, 35, & 50 coats

' — —

128 nm LAr scintillation light

/,Jf -------------

SiPM . P P
X3 ~~" ~~"

425 nm shifted light (in bar)

- 3 Silicon Photomultipliers (SiPM) read out end of bar
« Strongly reverse-biased array of photodiodes
e SensL MicroFB-60035-SMT
« 6 mm x 6 mm active area (18960 microcells)

e 24.5V bias (gain of a few x10°)
» Signal into shaper/amplifier (gain ~200)
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Running at TallBo

- 4 PD paddle prototypes

* 4 bars per paddle
- 14 flash-heated (1U)
- 2 hand-painted (MIT)

~ Hodoscope array and scint. paddles

» 4-fold coincidence for cosmic ray
selection and track reconstruction

- Goals

« Exercise readout of multiple paddles

o Study relative light yields from
various waveshifter/coating
combinations

« Study scintillation detection from
cosmics with a large variety of tracks
through LAr volume

> Two operating modes
e Cosmic hodoscope trigger
* Free run (self-triggered)
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Setup at TallBo (1]

> |nstallation on October 11, LAr on October 16/17
- Successful operation until October 31
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Hodoscope — Track example

LBNE) §

- Variety of track trajectories through hodoscope to study

Side View

Y-Z coordinate of Hodoscope Hit, with all track trajectories
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X-Z position of intersection with dewar, with all track trajectories
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‘Wavedorm Example, CH 0: (4.0)10 (1,11}

‘Waveform Example, ©H 1 (4.0) 101,11}

Example Track viewed by Paddle B

‘Waveform Example, CH 2: (4.0) 10 (1,11}
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‘Waveform Example, CH 5: (4.0) 10 (1,11}

1 1af-
12f 12f

1 i
o oef
oef- oef-
oaf- oaf-
oz oz
azf Az
a4 a4k

Wavedorm Examphe, CH B (4,0) 16 {1,11}

Waveform Exampbe, CH 7. (4.0 15 [1,11)

‘Waveform Exampls, CH & (4.0) 15 (1,11}

Waetorm Exampie, ©H 8: (4,0 161,71}

\iawafam Examils, CH 10: {4013 {111

Wavetem Exampbe, CH 11:18,0)12{1,11)

azf

TPB-20

TPB-20

Bis-MSB 35

Bis-MSB 35

PD Results from TallBo - Denver Whittington

February 2014



Light Yield Comparisons (Free Run) (1]

- Hodoscope track selection great, but makes cross-paddle

COmpaﬂSOﬂS dlﬁlCUlt All Track Trajectories, Top View All Track Trajectories, Side View
e Similar coverage =% =%
within each paddle F 87
- On-diagonal paddles “f -~~~ ™ "o
best exposed i i
* Uneven coverage - “b
of different paddles N3 = o
-10;— S 20;—
sl bl g ]
z[in] z [in]
> “Free run” mode to collect light TN TN
from all cosmics through dewar N W

» Eventually collect light from
all points in LAr volume

 Even and comparable exposure of all bars
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Light Yield Comparisons (Free Run) (1]

> “Free run” mode (self-triggered, OR of all SiPMs in a paddle)
« Light from all cosmics through dewar
» Look at distribution of calibrated signal amplitudes on each SiPM

- Each bar experiences
approximately the

same light exposure
o Studied with toy MC

Bis-MSB 10

- Look for relative Bis-MSB 20

differences in light
yield distributions

« Total number of photons
collected per hour

Bis-MSB 35

» Shape of power-law
fit to distribution

- Longer tail indicates
better efficiency

Bis-MSB 50
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Light Yield Results (Free Run) (1]

- Total number of photons collected per hour by each bar
* Averaged over functional SiPMs

Photons Collected per hour (from 10+ PE triggers)
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- 35 coats best option for both TPB & bis-MSB
~ Hand-painted bars most efficient (but not a scalable method)
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Intra-Paddle Comparison (Hodoscope Tracks)

Verfical Posiion in Dewar Alang Bar [in]

Average Light Collected Per Track [PE]

> Paddle C

Average Light Collected per SiPM vs
Transverse Track Position, Bar C-1

Perpendicular Distance from Bar [in]

Verfical Posiion in Dewar Alang Bar [in]

Average Light Collected per SiPM vs
Transverse Track Position, Bar C-2

Perpendicular Distance from Bar [in]

Verfical Posiion in Dewar Alang Bar [in]

Average Light Collected per SiPM vs
Transverse Track Position, Bar C-3

Perpendicular Distance from Bar [in]

> Average signal versus perp distance to bar

Average Signal, Bar C-1
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Average Light Collected Per Track [PE]

Average Signal, Bar C-3
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Verfical Posiion in Dewar Alang Bar [in]

Average Light Collected Per Track [PE]

Average Light Collected per SiPM vs
Transverse Track Position, Bar C-4
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Conclusions from TallBo Run (1]

> Free run mode provides good handle on

bar-to-bar performance comparisons

* Two useful figures of merit

- Total photons collected per hour
- Shape of signal amplitude (PE) distribution

» Consistent with intra-bar comparisons from hodoscope tracks

> Best flash-heated bars
e TPB 20-35 coats
e Bis-MSB 35 coats

- Hand-painted TPB bars overall best

» Flash-heating may be damaging too much waveshifter
- May also worsen surface quality (more losses at internal reflections)
* “Artisan” bars not scalable manufacturing method

 Assembling roll-coater to produce consistent bars
» Testing cast acrylic doped with 1% TPB

- Mechanical malfunction led to loss of signal from 7 SiPMs
* Have revised SiPM mount design
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Conclusions from TallBo Run (1]

> LBNE Photon Detector prototype tests continue

« TallBo experience was very valuable

- much experience & insight gained
- several revisions underway

- Analyses continuing
« Bar-to-bar comparisons
« Light yield vs track position
« Effects of Xe-doped LAr
* Properties of late light signal

e

ot e,

ssssssmmssnnnnas tmmmsssssssnnn
. *e

~ Ready for round two!

* |nvestigating alternatives to flash heating
» Looking forward to testing new ideas
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Backup
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Waveforms & PE Resolution (1]

Waveform Example, CH 6: (4,0) to (1,11) Pulse Amplitude: SiPM B-9 (Bis-MSB 35)
14— 10¢ ;—
12 f— :
! f_ ’r 10°
08 f— J'
o ol
04—
" \_,\/_/\/w\/\r"\/"\/\‘—r m;_
oF -
0.z f— 1 ;_
.4 E— T = 02 T, G {? 5 08 1 1.2 Amplit:?e y
a a0 100 150 200 250 3o T —
e
> Lead | ng pu |Se from prom pt Pulse Amplitude: SiPM B-9 (Bis-MSB 35.) ...................
scintillation (t ~ 6 ns)

~ Post-pulse activity from
secondary scintillation (t ~ 1.6 ys)

10° £

» Pulse heights fall into discrete VWW
values, corresponding to integer [
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Light Yield Comparisons (Free Run)

>

Paddle A

Pulse Amplitudes (Averaged over SiPMs), Bar A-1

Integral (10+ PE) = 8.32e+04
Constant = 2.84e+06 Exponent = -2.43

(=]

Average Amplitude [PE]

Paddle B

Pulse Amplitudes (Averaged aver SiFMs), Bar B-1

Integral (10+ FE) = 5.43e+04
Constant = 4.72e+06 Exponent =-2.76

TPB 20

Average Amplitude [PE]

10°

Pulse Amplitudes (Averaged over SiFMs), Bar A-2

Integral (10+ PE) = 4.23e+04
Constant = 3.07e+06 Exponent = -2.7

Average Amplitude [PE]

Pulse Amplitudes (Averaged over SiFMs), Bar B-2

Integral (10+ PE) = 4.9%e+04
Constant = de+06 Exponent = -2.73

TPB 20

Average Amplitude [PE]
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Pulse Amplitudes (Averaged over SiPFMs), Bar A-3
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Pulse Amplitudes (Averaged over SiPFMs), Bar A4

Integral (10+ PE) = 8.6e+04
Constant = 4.3e+06 Exponent = -2.56

Average Amplitude [PE]

Pulse Amplitudes (Averaged over SiFMs), Bar B-4

Integral (10+ PE) = 6.75e+04
Constant = 3.53e+06 Exponent = -2.58

= Bis-MSB 35

Average Amplitude [PE]



Light Yield Comparisons (Free Run)
- Paddle C

Pulse Amplitudes (Averaged over SiFMs), Bar C-1

Integral (10+ PE) = 5.31e+04
Constant = 3.62e+06 Exponent = -2.67

(=]

Average Amplitude [PE]

Paddle D

Pulse Amplitudes (Averaged aver SiFMs), Bar D-1

Integral (10+ FE) = 2.83e+04
Constant = 6.37e+06 Exponent =-3.12

Bis-MSB 1

L
80
Average Amplitude [PE]

10°

Pulse Amplitudes {Averaged over SiPMs), Bar C-2

Integral (10+ PE) = 1.07e+05
Constant = 2.78e+06 Exponent = -2.33

Average Amplitude [PE]

Pulse Amplitudes (Averaged over SiPMs), Bar D-2

Integral (10+ PE) = 6.34e+04
Constant = 5.68e+06 Exponent =-2.77

Bis-MSB 20

80
Average Amplitude [PE]

PD Results from TallBo - Denver Whittington

Pulse Amplitudes {Averaged over SiPMs), Bar C-3

Integral (10+ PE) = 1.75e+05
Constant = 1.75e+06 Exponent = -2

TPB (MIT)””M

(=]

A\'alaga Ampllmds [PE]

Pulse Amplitudes (Averaged over SiFMs), Bar D-3

Integral (10+ PE) = 1.05e+05
Constant = 2.48e+06 Exponent = -2.29

Bis-MSB 35

B0

Average Amplitude [PE]

February 2014

T Bis-MSB 50

Pulse Amplitudes {Averaged over SiPMs), Bar C-4

Integral (10+ PE) = 1.92e+05
Constant = 1.66e+06 Exponent =-1.95

TPB (MIT)

ﬂwalaga Ampllmds [PE]

Pulse Amplitudes (Averaged over SiPMs), Bar D4

Integral (10+ PE) = 7.87e+04
Constant = 3.52e+06 Exponent = -2.52

v v Lo b b b b Ly
a0
Average Amplitude [PE]




TallBo Toy Monte Carlo (1]
- Simulate light from cosmics through LAr volume

« Johnathon Lowery (1U) o N
 Throw cosmic ray, throw photons along track, B
see how much hits each bar along length
é_ :E: E \\ A
- Scintillation exposure versus 5 ;
position along bar e
* All bars receive approximately ;I S 3
the same number of photons R

along length

 Minimal variation between bars
in different paddles

« Confident this is a good metric M M m mﬁ
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Light Yield Results (Free Run) (1]

> Exponent
o (smaller is better!)

Average Exponent

= § 8 8 § § 8 8 § § . 4 2 § 8 3
O o o o a @ 9o o @ O £ E & a0
Oool—l—l—l—l—l—mm|—|—§§mmmm
A
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-1.00
-1.50 |C_U
| -
-2.00 8)
c
@]
-2.50 —
-3.00
-3.50
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Light Yield Comparisons (Free Run) (1]
- Both figures of merit well correlated

-1.80

m
-2.00 m
L, BarC-2(TPB-20) Hand-Painted
N,
= I .
% 2.40 - = Bar D'3 (BlS'35)
i 1
% -2.60 m®
z oL
-2.80
-3.00
m
-3.20 x10°
0 5 10 15 20 25 30

Photons Collected per hour (from 10+ PE triggers)
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CREST Hodoscope Trigger

» Two 8x8 Arrays of PMTs from CREST

balloon-based cosmic ray experiment
e Barium-fluoride crystals
with TPB coating
 Positioned on opposite
sides of dewar (one elevated 487)
> Plastic scintillator paddles

« Gamma (Compton, etc.) veto
- BaF, crystals sensitive to x-rays

- Shower vs single particle discrimination
> Approximate track reconstruction

~ Four-fold coincidence trigger
« >1 PMT on each array
 One paddle on each side
o ~2 Hz 4-fold trigger rate
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Awverage Light Collected per SiPM vs
Transverse Track Paosition, Bar B-4

Perpendicular Distance from Bar [in]

Awverage Light Collected per SiPM vs
Transverse Track Paosition, Bar B-3

10

Perpendicular Distance from Bar [in]

-10

Awverage Light Collected per SiPM vs
Transverse Track Paosition, Bar B-2

Perpendicular Distance from Bar [in]

-10

Awverage Light Collected per SiPM vs
Transverse Track Paosition, Bar B-1

Perpendicular Distance from Bar [in]
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~
7!
-z
Q
=
=
W
g
Q
Q
7!
Q
)
Q
an
~—
-
Q
A
2
=
Q
O
O
o
o
<
o
<
s
=
—f

[ui] seg Buoyy Jemaq u| uoisod BN

0 Free Run

(‘illll)

> Average signal versus perp. distance to bar

-4

Bar B

1

Average Signal

o by b b b bvaa L
@ - =~ = © w© k3
- =

- =

[3d] ¥2e1) Jag panoaoD Wi abesany

Average Signal, Bar B-3

il
@ -
- =

L
il b b b b g s
=~ = © w© k3 ~
- =

[34] §2ei)l Ja4 paraos Wi sbeseay

Average Signal, Bar B-2

%
{

B

Ll b b b b s b Laaty
@ - =~ = © w© k3 ~
- =

- =

[3d] ¥ori) Jad patoalios G ebiesany

Average Signal, Bar B-1

1

il
@ -
- =

ﬁd +
i N N R N WA 4 N
=~ = © w© k3 ~
- =

[3d] ¥2e1) Jag panoaoD Wi abesasy

21

10

Perpendicular Distance from Bar [in]

February 2014

Perpendicular Distance from Bar [in]

10

Perpendicular Distance from Bar [in]

10

Perpendicular Distance from Bar [in]

PD Results from TallBo - Denver Whittington



Plans for TallBo 2 (1]
> Returning to PAB starting February 24th

> New technologies
* New custom readout electronics from G. Drake et. al. (ANL)

 New cables (twisted pair)
- previous found to be prone to noise pickup
* Test of new LED-based calibration system (Z. Djurcic)

- Larger diversity of bar designs
* Flash-heated TPB (35 coats) and Bis-MSB (35 coats) (1U)
« Cast with TPB (IU)
« Cast with TPB (LBNL)
e Dip-coated TPB (MIT)
* Fiber mounts (CSU)
* Roll-coat painted (1U)

- Will rely on free-run mode for primary bar-to-bar performance
comparisons, with hodoscope as cross-check.
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PD Readout Electronics (1]

- Set of 3 independent SiPMs | s
e SenslL MicroFB-60035-SMT | “;@ % i
e 245V bias . ! - ”I; R

T

- Nevis shaper/amplifier N
« Differential shaping & |
« Gain ~ 200x

- CAEN DT5740
e 32 input channels

e 62.5 MHz sample rate

- (16 ns / sample)
 0.48 mV/ADC Count
- (12-bit, 2 V pp input range)
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Hodoscope — Tracks
> Yields vs Track Proximity, Paddle A

‘Vertical Position in Dewar Along Bar [in]
g
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Average Light Collected per SiPM vs
Transverse Track Position, Bar A-1
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‘Vertical Position in Dewar Along Bar [in]

All Track Trajectories, Top View
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Hodoscope — Tracks
> Yields vs Track Proximity, Paddle B

Vertical Position in Dewar Aleng Bar [in]
g
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Average Light Collected per SiPM vs
Transverse Track Position, Bar B-1
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‘Vertical Position in Dewar Along Bar [in]

B
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All Track Trajectories, Top View
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Hodoscope — Tracks

u u u All Track Trajectories, Top View All Track Trajectories, Side View
> Yields vs Track PFOXII!IIty Paddle
] % = r
150 S 7ok
E g E
10 ////\\ > 60
s / sof-
of— ——— 40;
5— 5 30;
0f \\\_///'/ 20E
-15; 10;
P S TR TN BT FTE PR P (SETRTTN U FUU PR SRR ST
%6 A8 40 B0 510 15 20 QoA e s 0 5101520
z[in] z[in]
Average Light Collected per SiPM vs Average Light Collected per SiPM vs Average Light Collected per SiPM vs Average Light Collected per SiPM vs
Transverse Track Position, Bar C-1 Transverse Track Position, Bar C-2 Transverse Track Position, Bar C-3 Transverse Track Position, Bar C-4
60 60 60 60
- 14 - 14 - 14 - 14
50— 50— 50— 50—
- —12 - —12 - —12 - —12
B B B ' " 1
B B [ H !
a0 0 e ol =10 a1 i 10 40 HiE ) i I e
T L D T L : T L i T it |
E‘ I o E‘ | | E : Ii | i H E I :I ||||
O P g T ' ORI ..|!¢':|. s |i|.|
S Frinu 1 s+ s H| I|I 2 | |__
i [ Al [ = E || i Lt ;I || %
< L 11 1) =g < L 8 < L I | 8 < II| | 8
3 [ i .|I|h il |I AL II 111 ) ) | | ' ) '
FREh | S A ' N TR RN 1 Z w0 H k- H I .
2 L |II|I||hI|I||!|II|I|lI||||I|II|III|II|II| | 2 L : Lph = |
= (B LR TEHE 1 = ! = [ | = |
a Lo b % FI. R II IIIIII II II II [ 8 L1 | 8 Lot ! g X
= vorok b R R IO || [ = ! = o ! =
[=3 Lo« [ T T PRI PRI ) {LONURR LTI L T | N D B N | 6 8 [ ! 6 8 [ ' : |. N 6 8 6
b [ I T T T TTHPIN T IRITTINT [ = ; = =
E L o« : I i n : : § L N § L § L
2 201 2 20 2 20 2 20
- 4 - 4 - 4 - 4
10— 10— 10— 10—
: o o (TPB) M ! (TPB)
0 IIII|IIII|IIII|IIII o 0 IIII|IIII|IIII|IIII o 0|IIII|IIII|IIII|IIII| o 0|IIII|IIII|IIII|IIII| o
-10 -5 0 5 10 -10 -5 0 5 10 -10 -5 0 5 10 -10 -5 0 5 10
Parpendicular Distance from Bar [in] Parpendicular Distance from Bar [in] Parpendicular Distance from Bar [in] Parpendicular Distance from Bar [in]

PD Results from TallBo - Denver Whittington February 2014 26



Hodoscope — Tracks

> Yields vs Track Proximity, Paddle D

Vertical Position in Dewar Aleng Bar [in]
g
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Average Light Collected per SiPM vs
Transverse Track Position, Bar D-1

[T
i -]
: BIS 10

o b b Lo LM,

-5 0 5 10

Parpendicular Distance from Bar [in]

‘Vertical Position in Dewar Along Bar [in]

Average Light Collected per SiPM vs
Transverse Track Position, Bar D-2

60
- 14
50 I
W 112
INNTARENE R i 1
||||"||||||||||||||||||||"|||| I 1|
) || 1 |
it |
Wi (]
"” uil' 'I i e
! |
.||I| I|| I | 1l
CLRTR N R I 1
1l 1
i i
; 8
a0
- 13
20—
- 4
10—
0 L1 11 | L1l | | | 1 o

-5 0 5 10

Parpendicular Distance from Bar [in]

PD Results from TallBo - Denver Whittington

‘Vertical Position in Dewar Along Bar [in]

g

B

10

All Track Trajectories, Top View

x [in]

=) o =)
T T T T T [T T T

&

S
R
S

Average Light Collected per SiPM vs
Transverse Track Position, Bar D-3

BIS 35

-5

1]

5

Parpendicular Distance from Bar [in]

February 2014

10

ol b b b Lo b L
-5 <10 -5 0 5 10 15

14

]

20
z[in]

‘Vertical Position in Dewar Along Bar [in]

y (vertical) [in]

10

All Track Trajectories, Side View

80
705—
ool
505—
i
3of- i
200
100
S [ U PR ERR S| SR
QoA e s 0 5101520
z[in]
Average Light Collected per SiPM vs
Transverse Track Position, Bar D-4
. W
=1 n L
o | I
I | [L |
| | | || || |
. ! [
Lll ||||||||||||||
(I (L I
I | III Hom || 111
o || ] mhnil
L % LI B 1
| [
I o
I [ ) LI B | 1
| Y [ 1
L. LI
1111 | [ | | | [
-10 -5 0 5 10

Parpendicular Distance from Bar [in]

27

14

]




Comparison to Dark Box (245 nm LED)

> Attenuation Length Measurement in LAr
e Select tracks within 3 inches of bar surface

> Paddle B

Signal from Tracks within 3 inches of Surface, Bar 8-1
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Comparison to Dark Box (245 nm LED) (1]

- Possible increase of losses at surface (internal reflection)
- Simulated light bouncing down length of acrylic bar in LAr

Simulated Attenuation

> Very minor effect going =5, heieis o
from air to liquid argon =&
> Can mimic change in IE
attenuation length by CE
increasing surface loss %
0 2 4 B B Position Arc?ng Bar [|n]12 14 16 18 20
Simulated Attenuation
%400{13\

Position Along Bar [in]
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